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Abstract  

Purpose: 

To develop a fast volumetric T1 mapping technique. 

Materials and Methods: 

A stack-of-stars (SOS) Look Locker technique based on the acquisition of undersampled radial data (>30X 

relative to Nyquist) and an efficient multi-slab excitation scheme is presented. A principal-component based 

reconstruction is used to reconstruct T1 maps. Computer simulations were performed to determine the best 

choice of partitions per slab and degree of undersampling. The technique was validated in phantoms against 

reference T1 values measured with a 2D Cartesian inversion-recovery spin-echo technique. The SOS Look 

Locker technique was tested in brain (n=4) and prostate (n=5). Brain T1 mapping was carried out with and 

without kz acceleration and results between the two approaches were compared. Prostate T1 mapping was 

compared to standard techniques. A reproducibility study was conducted in brain and prostate. Statistical 

analyses were performed using linear regression and Bland Altman analysis.  

Results: 

Phantom T1 values showed excellent correlations between SOS Look Locker and the inversion-recovery 

spin-echo reference (r2=0.9965; p<0.0001) and between SOS Look Locker with slab-selective and non-slab 

selective inversion pulses (r2=0.9999; p<0.0001). In vivo results showed that full brain T1 mapping (1 mm3) 

with kz acceleration is achieved in 4 minutes 21 seconds. Full prostate T1 mapping (0.9×0.9×4 mm3) is 

achieved in 2 minutes 43 seconds. T1 values for brain and prostate were in agreement with literature values. 

A reproducibility study showed coefficients of variation of 0.2% (brain) and 0.18% (prostate). 

Conclusion:  

A rapid volumetric T1 mapping technique was developed. The technique enables high-resolution T1 

mapping with adequate anatomical coverage in a clinically acceptable time. 
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1. Introduction 

The quantitative measurement of the spin-lattice relaxation time (T1) provides valuable information for 

disease diagnosis. For example, studies in the human brain have shown T1 variations in various neurological 

disorders [1,2,3]. T1 measurement in carotid atherosclerosis have been used to characterize plaque 

components [4]. In dynamic contrast enhancement MRI studies, it has been shown that the pre-contrast T1 

maps improve the accuracy of the estimated pharmacokinetic parameters [5]. 

Despite its demonstrated value, the measurement of T1 values can be time-consuming in particular when 

high resolution and good anatomical coverage is needed. Several techniques for efficient T1 mapping have 

been developed.  The most widely used are the variable flip angle (VFA) method [6] and the Look Locker 

method [7]. The VFA method acquires data with radio frequency (RF) pulses with variable tip angles (as 

few as two) to calculate the corresponding T1 map. In order to assure accuracy of T1 measurements, an 

additional B1 map has to be acquired. The Look Locker method on the other hand, uses an inversion pulse 

followed by a train of small flip angle (FA) RF pulses for T1 measurement. This method is more robust to 

B1 inhomogeneity and usually does not require B1 mapping [8,9,10]. A Modified Look Locker Inversion 

Recovery (MOLLI) [11] and its shorter version ShMOLLI [12] have been used in clinical cardiac T1 

mapping studies. Combined with parallel imaging, ShMOLLI can yield single-slice T1 maps with an in-

plane resolution around 2.0 mm within 10-20 seconds.  

Compared to 2D methods, 3D techniques provide higher through-plane spatial resolution [13]. However, 

3D techniques require longer acquisition times and only a handful of 3D T1 mapping techniques have been 

proposed [13,14,15,16]. Many of these suffer from low spatial resolution or T1 inaccuracy, as a compromise 

for shorter scan times. For instance, Liu et al. found that VFA 3D techniques overestimate high T1 values 

while underestimating low T1 values [17]. The Look Locker based 3D techniques are more accurate but 

trade off temporal or spatial resolution for a reasonable scan time [13,14]. For instance, the MP2RAGE 

technique requires 8 minutes for full brain isotropic resolution and only acquires data at two time points 

[16]. Recently, Maier et al. proposed a model-based reconstruction method for T1 mapping based on 

undersampled 3D radial VFA or Look Locker data to accelerate data acquisition [18]. The authors 

demonstrated the method on a 3D extension of a 2D Look Locker T1 mapping technique. Data acquisition 

was based on the use of non-selective inversion pulses for every kz partitions in the 3D volume requiring a 

significant dead time between partition data acquisition to allow for magnetization recovery. As a result, it 

needed 8 minutes to image 40 slices within the brain for a coverage of 40 mm. 

In general, radial trajectories have unique advantages in fast parametric imaging. Since every line passes 

through the center of k-space, radial trajectories have intrinsically high temporal resolution for parameter 

mapping [19,20,21,22]. The higher sampling of the center relative to the outer part of k-space makes 
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artifacts due to undersampling to be less coherent than in Cartesian trajectories and thus, more tolerable. 

Moreover, the incoherent nature of undersampling artifacts makes the radial trajectory ideal for compressed 

sensing style reconstruction [23] requiring less data for parameter mapping. When data are collected with 

a tiny or golden angle view ordering, k-space is well covered even with very few radial views providing 

unique flexibility for the reconstruction of dynamically acquired data. It is also known that radial 

trajectories are robust to patient motion [24,19].  

In this work, we present a radial stack-of-stars (SOS) technique based on the Look Locker approach for 

high-resolution volumetric T1 mapping. When combined with the proposed interleaved multi-slab 

acquisition scheme, the data acquisition efficiency is greatly improved by removing the time delay after the 

application of each inversion pulse. The method uses highly undersampled radial data (~3% of the Nyquist 

sampling) combined with a principal component (PC)-based reconstruction algorithm to obtain accurate T1 

maps from a fast data acquisition. The technique is demonstrated on phantoms and in vivo for brain and 

prostate T1 mapping. 

2. Materials and Methods 

2.1. Pulse Sequence  

2.1.1. General Acquisition Strategy: The proposed SOS Look Locker pulse sequence (Figure 1) was 

implemented on a 3T MRI scanner (Skyra, Siemens Healthineers, Erlangen, Germany) by modifying the 

source code of a 2D gradient echo pulse sequence. The SOS Look Locker pulse sequence starts with a 180˚ 

slab-selective adiabatic inversion RF pulse, followed by data collection using a train of constant FA sinc 

RF pulses and a SOS trajectory (the time between the inversion pulse and the first α pulse is kept to 30 ms 

for all experiments). After the inversion pulse, data are collected in a kz partition-first order, where the same 

radial view (same angular orientation) for all kz partitions is collected first as cutting through a cake; this is 

referred to as a “cut”. For the next cut, the radial view orientation is updated according to the tiny golden 

angle (23.63˚) view ordering [25] (instead of the golden angle to minimize the eddy current artifacts from 

the switching gradients) and an additional radial view is acquired for all kz partitions. This process is 

repeated N times thus, after a single inversion pulse we collect data for N cuts. For efficient T1 mapping, 

the lines within a cut are considered to be part of the same inversion time (TI) group (indicated by the 

dashed boxes in Figure 1). Since each cut will only have “one” radial view per partition after one inversion, 

we need several inversions (or measurements, M) to have sufficient radial views on each TI group per 

partition for data reconstruction. Thus, spins are re-inverted (after allowing a time delay, TD, for T1 

recovery) and a new set of radial views are collected per cut. This process continues for M inversion periods, 

yielding M views/partition for each TI group. To avoid scanning the same k-space region multiple times, 
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the angular orientation of radial views between adjacent measurements is incremented by the golden angle 

(111.25˚).  

2.1.2. Choice of Parameters: The following steps were used to calculate the parameters pertaining to the 

SOS Look Locker pulse sequence: 

• The acquisition length of the relaxation curve was set to be within 3-4 sec. 

• The number of cuts, N, which is equal to the number of TI points for T1 fitting, was set to 25 for all 

experiments. 

• The number of partitions within a slab including oversampling (P) determines the temporal footprint 

of a TI group (i.e., the range of TIs within a group). Thus, P was chosen to accommodate as many 

slices per slab as possible with the constraint that the temporal footprint of a TI group (P×TR) <160 

ms for T1 accuracy (see Results section).  

• The number of measurements, M, which dictates the level of radial undersampling in the TI data 

sets was determined empirically as a compromise between quality of T1 data and scan time. Based 

on simulations (see Results section), we used M=13 in all experiments which corresponds to 3.2% 

sampling in kx, ky relative to Nyquist. 

• The FA in the train of RF pulses following the inversion pulse was 10°. The choice was based on 

previous work on the effect of FA on T1 mapping accuracy with FLASH [26,27]. This is also close 

to the FA that yields the maximum SNR based on Bloch simulations (FA=13°) as shown in Figure 

S1 in Supplementary Material.  

2.1.3. Multi-slab excitation: Since P is limited by the number of TIs in a TI group (i.e., temporal footprint), 

large volumes need to be divided into smaller slabs. By using an interleaved multi-slab approach (based on 

the default interleaved slab ordering provided by the manufacturer), the acquisition of a different slab can 

start while the spins from a previous slab are recovering from the inversion pulse. In this manner, the TD 

between measurements can be shortened or omitted, thus, increasing the efficiency of the SOS Look Locker 

T1 mapping method. To minimize T1 variations across the slab, care must be taken to reduce slab profile 

imperfections on the inversion and the imaging RF pulses. To improve the inversion pulse’s slab profile, 

the slab was configured to cover 1.5 times the prescribed slab volume. Similarly, the imaging RF pulses’ 

slab profile was improved by covering 1.3 times the prescribed slab volume. In addition, the time-

bandwidth product of the imaging RF pulses was set to 15.  

2.1.4. Acceleration: The main source of acceleration in the SOS Look Locker implementation comes from 

the high degree of undersampling in kx-ky. For instance, for M=13 each TI data set has a total of 13 radial 

views which is 3.2% of a fully sampled radial data set (under the Nyquist criteria for radial sampling, 402 
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radial views are required for 256 readout points). Thus, radial undersampling alone provides about 31X 

acceleration. The next source of acceleration comes from using a selective inversion pulse and slab 

interleaving which can avoid the need of a recovery time delay, TD, between measurements. From our 

experience, TD typically doubles the time per measurement (i.e., 3 sec to sample the recovery curve and 3 

sec of recovery time before the next inversion pulse) when there is no slab interleaving. Thus, our 

acquisition strategy adds ~ 2X acceleration per slab provided that the number of slabs >4. Finally, the use 

of GRAPPA in the kz direction enables for further acceleration [28]. In our experiments GRAPPA afforded 

a 1.4X acceleration. Thus, the total acceleration without and with GRAPPA based on well sampled radial 

data was 62X to 86X, respectively.  

2.2. Data reconstruction 

The PC-based T1 mapping algorithm described in [19] for 2D T1 mapping using highly undersampled radial 

data was adapted to solve the 3D T1 mapping problem. In the 3D T1 mapping reconstruction algorithm, a 

fast inverse Fourier Transform (iFFT) was first performed along the kz direction and the resulting data were 

treated as independent 2D slices for the subsequent reconstruction of T1 maps. 

In order to obtain the PCs used in the reconstruction, a Bloch simulation was performed for a set of T1 

values ranging from 100 ms to 3000 ms with a step size of 1 ms, using the closed form signal equation 

found in [26]. A singular value decomposition analysis was then performed on the resulting T1 recovery 

curves. The resulting PCs are sorted from most to least significant and stored as rows in a N×N matrix 

denoted as B, where N is the number of TI images. A truncated version of B, denoted as 𝑩𝑩�, is used to reduce 

the number of variables in the reconstruction. In 𝑩𝑩�, only the first 3 most significant PCs were kept. The 

first stage of the reconstruction produced 3 volumetric PC maps denoted as 𝑴𝑴� . Taking into account the 

multi-channel nature of MRI data, 𝑴𝑴�  can be described by the following equation: 

𝑴𝑴� = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝑴𝑴

� ��𝐹𝐹𝐹𝐹𝑗𝑗{𝑪𝑪𝑖𝑖�𝑴𝑴𝑩𝑩��𝑗𝑗} −𝑲𝑲𝑖𝑖,𝑗𝑗�
2

2
𝑁𝑁

𝑗𝑗=1

𝐶𝐶𝐶𝐶𝑖𝑖𝐶𝐶𝐶𝐶

𝑖𝑖=1

+  �𝜆𝜆𝐶𝐶𝐹𝐹𝑇𝑇(𝑴𝑴𝐶𝐶)
𝐿𝐿

𝐶𝐶=1

.      (1) 

where 𝐹𝐹𝐹𝐹𝑗𝑗 is the forward non-uniform Fourier transform (NUFFT) [29], 𝑪𝑪𝑖𝑖 denotes the coil sensitivity 

maps, 𝑲𝑲𝑖𝑖,𝑗𝑗 is the result of the kz direction FFT of the measured k-space data at TIj from the ith receiver coil. 

The subscripts for the matrix denote their individual column. L=3 is the number of PC coefficients used. A 

Total Variation (TV) term [23] is used to exploit spatial sparsity in the PC coefficient domain.  The values 

of the regularization parameters 𝜆𝜆𝐶𝐶 used in this study were determined empirically. For brain T1 mapping 

𝜆𝜆𝐶𝐶 values were [5×10-7, 2×10-7, 5×10-6]. For prostate T1 mapping the 𝜆𝜆𝐶𝐶 values were [6×10-7, 5×10-6, 1×10-

5]. 
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Once the PC coefficients are obtained, they are projected to image space by 𝑴𝑴�𝑩𝑩� to yield N TI images. A 

voxel-by-voxel curve fitting was then performed using a three-parameter model [26] expressed as: 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴 − 𝐵𝐵𝑒𝑒(−𝑡𝑡 𝑇𝑇1∗⁄ )     (2) 

The fast fitting algorithm from [30] was used for finding A, B and 𝐹𝐹1∗. T1 was then calculated from 

𝐹𝐹1 = 𝐹𝐹1∗ �
𝐵𝐵
𝐴𝐴
− 1�  (3)  

as in [26].  

A more detailed discussion of the reconstruction can be found in [19].  

All data were reconstructed offline using a custom reconstruction program implemented in C/C++ with 

OpenCL on a computer with 8 NVIDIA (Santa Clara, CA) P100 GPUs. 

2.3. Computer Simulations 

Computer simulations were carried out to determine the effect of the number of partitions/slab on T1 

estimation. T1 curves were generated using the spoiled gradient echo signal model with the following 

parameters: TR=4.0 ms, TE=2.0 ms, FAs=180°/10°. RF spoiling was simulated using phase difference 

increments of 117° [31]. Complex Gaussian noise was added to the generated complex signals for 100 

random noise realizations. A noise level of 32 dB was chosen to match out in vivo data; the latter was 

calculated as the ratio of signal power to noise power. The signal power was estimated as the mean of the 

signal at the center of k-space and the noise power was estimated as the mean of the signal at the edges of 

k-space. We used the prostate data for the noise calculations. The mean signal for each TI group were fitted 

to the three-parameter model [26,30] to obtain the T1 estimates.  

2.4. MRI Experiments 

All imaging was carried out at 3T (Skyra, Siemens Healthineers, Erlangen, Germany). Human subjects 

studies were done in compliance with the human research subject guidelines.  

2.4.1. Phantom imaging 

SOS Look Locker data were acquired on a custom-made phantom consisting of 12 vials with different 

concentrations of NiCl2 and 1.5-2.0% agar gels. Six slabs were prescribed to yield a total of 156 anatomical 

slices. The total number of partitions per slab including a 38.5% kz oversampling (to reduce aliasing 

artifacts) was P=36. The FOV = 256 mm and base (readout) resolution = 256 (acquired with 2X 

oversampling) yielded an in-plane resolution of 1.0 mm; a slice thickness of 1.0 mm produced isotropic 
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voxels. Other parameters include: M = 13, receiver bandwidth = 781 Hz/pixel, TE=2.28 ms, and TR=4.35 

ms, TD=0 seconds. The protocol yielded a TI temporal footprint of 156.6 ms with TI groups covering 108.3 

ms to 3866.7 ms. A single slice 2D inversion-recovery spin-echo pulse sequence with TR = 8 seconds and 

13 inversion times (35 ms, 75 ms, 100 ms, 125 ms, 150 ms, 250 ms, 300 ms, 500 ms, 750 ms, 1000 ms, 

1500 ms, 2000 ms, 3000 ms) was used as a gold standard.  

SOS Look Locker data with non-selective inversion RF pulses were also acquired on the custom-made 

phantom. The slab-selective experiment was acquired for 1 central slab to yield a total number of partitions 

per slab including a 38.5% kz oversampling of P=36. A FOV = 256 mm and base (readout) resolution = 

256 (acquired with 2X oversampling) yielded an in-plane resolution of 1.0 mm; a slice thickness of 1.0 mm 

produced isotropic voxels. Other parameters include: M = 13, receiver bandwidth = 781 Hz/pixel, TE=2.28 

ms, and TR=4.35 ms, TD=8 seconds (to allow full relaxation for long T1s). The protocol yielded a TI 

temporal footprint of 156.6 ms with TI groups covering 108.3 ms to 3866.7 ms.  

To compare T1 estimation between methods, similar ROIs were selected on the corresponding T1 maps. 

The T1 mean and standard deviation were computed for each ROI for data analysis. 

2.4.2. Brain imaging 

Brain data were acquired with the SOS Look Locker method on a total of 8 healthy volunteers (2 female 

and 6 male 24 to 35 years old). Data were acquired using a 32-element head coil with FOV = 256 mm and 

base (readout) resolution = 256 (acquired with 2X oversampling) yielding an in-plane resolution of 1.0 mm; 

the slice thickness was 1.0 mm to produce isotropic voxel resolution. Data for 6 slabs were acquired in the 

axial orientation with P=36 (including 28.6% oversampling) to yield 168 anatomical slices to cover the 

brain. Other parameters include: M=13, TE=2.28 ms, TR=4.30 ms, and receiver bandwidth=849 Hz/pixel, 

TD=0 ms. For this configuration, the TI temporal footprint was 154.8 ms, thus covering a TI range from 

107.4 ms to 3822.6 ms. The scan time was 5 minutes 8 sec. Intra-session repeatability and inter-session 

reproducibility studies were performed on two different groups of healthy volunteers (intra-session: 4 

males; inter-session: 2 male and 2 female). In the intra-session study, pre-scanning adjustments were 

performed before each T1 mapping scan. In the inter-session study, subjects were imaged on two separate 

days within the same week.  

In vivo brain data were also acquired with the same parameters as the protocol described above, but without 

RF pulse correction in order to demonstrate the effect of slab profile imperfection. A brain data set was also 

acquired with M=20 (with slab profile correction) to evaluate the effect of the number of measurements on 

the resulting T1 maps.  
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SOS Look Locker brain data were also acquired with GRAPPA in the kz direction in the same 4 volunteers. 

The GRAPPA acquisition was configured with an acceleration factor of 2 and 24 reference lines for a total 

of 48 partitions with 50% kz oversampling, corresponding to 1.4X acceleration. To cover the whole brain, 

data for 5 slabs were acquired in the axial orientation with P=48 (including 50% oversampling) to yield 

160 anatomical slices to cover the brain.  Other parameters were kept the same as the protocol without 

GRAPPA. The GRAPPA protocol yielded a TI temporal footprint of 158.4 ms, covering a TI range from 

109.2 ms to 3910.8 ms. The scan time was 4 minutes and 21 seconds.  

For analysis of T1 mapping on the brain, six ROIs were marked by one of the authors (ZL) in each of the 

four volunteers as shown in Figure S2 included as Supplementary Material. To best match the ROIs for 

comparison across scans (e.g. between GRAPPA and non-GRAPPA scans or between data acquired at two 

different time points), we first match the slices within the same subject from the two different scans using 

anatomical landmarks (e.g., CSF features). We then visually matched the ROI sizes and locations within 

the matched slices. The T1 mean and standard deviation were computed for each ROI for data analysis. 

2.4.3. Prostate imaging 

Prostate data were acquired on a total of 8 healthy men (24 to 35 years old) and a male subject (68 years 

old) with suspected pathology. Data were acquired with a 12-element anterior surface coil in combination 

with the spine coil built-into the scanner table. The SOS Look Locker T1 technique was prescribed with M 

= 13, TE=2.59 ms, TR=5.20 ms, receiver bandwidth=501 Hz/pixel. A FOV=230 mm and base (readout) 

resolution=256 (acquired with 2X oversampling) yielded an in-plane resolution of 0.9 mm; a slice thickness 

of 4 mm was used to improve SNR. Data for 2 slabs were acquired in the axial orientation with P=26 

(including 30% oversampling) to yield 40 anatomical slices. This configuration yielded a TI temporal 

footprint of 135.2 ms, thus covering a TI range from 97.6 ms to 3342.4 ms. Since only 2 slabs were 

prescribed, the need for T1 recovery time could not be avoided, thus TD = 3 seconds. The total scan time 

was 2 minutes 43 seconds. Intra-session repeatability and inter-session reproducibility studies were 

performed on two different groups of healthy volunteers with 4 subjects in each group. In the intra-session 

study, pre-scanning adjustments were performed before each T1 mapping scan. In the inter-session study, 

subjects were imaged on two separate days within the same week.  

A clinical B1 corrected 3D Cartesian VFA sequence with TE=1.66 ms, TR=4.57 ms, FA=2˚,5˚,9˚, 

bandwidth=400 Hz/pixel, with 40 slices, 60% kz oversampling, spatial resolution=1.60×1.44×4.36 mm, 

scan time = 49 sec, was used for comparison after B1 correction. Data for B1 estimation was acquired in a 

separate scan using pre-saturation 80 degree RF pulse as described in [32]. A separate 2D single slice 

Cartesian MOLLI sequence with TE=1.12 ms, TR=2.70 ms, TIs (ms) = [100, 180, 800, 880, 1500, 1580, 
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2200, 2900], FA=35˚, bandwidth=1085 Hz/pixel, and spatial resolution=2.13×1.41×8.00 mm was also 

acquired for comparison.  

For comparing T1 estimates between SOS Look Locker, Cartesian VFA, and 2D MOLLI in the prostate, 

ROIs were drawn by one of the authors (ZL) demarcating the entire prostate gland in matched slices and 

the T1 histogram was computed for each technique. Slices were matched based on anatomical location, size 

of the prostate and features of the surrounding anatomy. For the reproducibility study two ROIs, one in the 

central gland and one in the peripheral zone (PZ), were drawn as indicated in Figure S2 included as 

Supplementary Material. To best match ROIs between the two scans we used anatomical landmarks and 

placed the ROIs in similar locations.  

2.5. Statistical Analysis 

All continuous variables were tested for the normality assumption (Shapiro-Wilk’s test).  Linear regression 

analyses were conducted for the phantom study and for the intra-session repeatability and the inter-session 

reproducibility studies with human subjects. Data from studies involving human subjects were additionally 

analyzed using generalized linear models, which not only allowed for testing if the T1 values differed 

between the experiments, but also if the difference between experiments depended on the ROI (interaction 

term). A Bland-Altman analysis was performed for the brain and prostate reproducibility studies to yield 

the reproducibility coefficient (1.96 times the standard deviation of the difference in mean T1 estimates) 

and the coefficient of variation (percentage standard deviation of the difference) as metrics of 

agreement/reproducibility.  

3. Results 

3.1. Phantom experiments 

The accuracy of T1 mapping with SOS Look Locker was tested on the custom-made phantom covering T1 

values typically found in vivo. T1 estimates were compared to reference values measured with a Cartesian 

inversion-recovery spin-echo pulse sequence. As can be seen in Table 1, the T1 estimates obtained from 

SOS Look Locker were comparable to the reference values; all the relative errors are within 10% of the 

reference values. A linear regression between the two methods show excellent correlation (r2=0.9965; 

p<0.0001). We also evaluated the effect of using a slab-selective inversion RF pulse by comparing T1 values 

obtained with the proposed SOS Look Locker pulse sequence to one where the slab-selective inversion 

pulse was replaced by a non-selective one. As can be seen from Table 1, the T1 values obtained with slab-

selective inversion are within 2% of those obtained with non-selective inversion.  A linear regression 

between the slab-selective and non-selective approaches show excellent correlation (r2=0.9999; p<0.0001). 
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3.2. In vivo experiments 

The use of a slab selective inversion pulse requires adjusting the slab profile for the inversion and excitation 

RF pulses. To visualize the effect of the RF slab profile correction, a comparison between T1 maps from 

the protocols with and without those corrections is presented in Figure 2. In the experiments, data were 

acquired in the axial orientation but shown in the sagittal and coronal planes to illustrate the effect of slab 

profile imperfection. Note that for the uncorrected protocol, artifacts are clearly seen on the edge slices of 

each slab.  With the protocol with slab profile adjustment, the artifact is corrected.   

To determine the number of measurements needed for a successful reconstruction, we generated k-space 

data sets with M<20 by removing radial views from a data set acquired with M=20 (without GRAPPA). 

This was possible due to the golden angle radial view ordering used between multiple measurements. Figure 

3 shows brain data reconstructed with different number of measurements, which in turn determines the 

level kx-ky undersampling on the TI groups. It can be seen that when M=6, the resulting image is blurred 

due to undersampling. As M increases, undersampling is reduced and the T1 maps get sharper and closer to 

the one obtained from M=20. The figure also shows % difference maps relative to M=20.  The calculated 

median of the % difference (for the entire brain slice) was: 12% (M=6), 9.1% (M=10), 6.9% (M=13), and 

4.8% (M=16).  Based on these results we chose M=13 for all in vivo experiments as a good compromise 

between scan time and quality of T1 mapping. 

We also investigated the effect on the number of partitions/slab (P) on T1 estimation. P determines the 

number of radial lines in a TI group and thus, affects the temporal footprint of the TI group as shown in 

Table 2. Using computer simulations with a noise level comparable to our in vivo applications (SNR=32 

dB), we computed the T1 error as a function of P for various T1 values. As can be seen from Table 2, for 

most T1 values found in vivo (T1 ≥500 ms), the error varies from 0.5-1.8% for P=10 (temporal footprint = 

40 ms) and 2.9-6.8% for P=40 (temporal footprint=160 ms). For short T1s (e.g., 300 ms) the errors are 2.7% 

(P=10) and 10.9% (P=40). For in vivo applications as brain and prostate, the T1 values of interest are >500 

ms thus, the choice of P was to accommodate as many partitions as possible within a slab, while keeping 

the temporal footprint of the TI groups (P×TR) <160 ms to keep the T1 error <5%.  

Representative examples of in vivo brain T1 maps from a healthy volunteer acquired with isotropic 

resolution (1.0 mm) with SOS Look Locker are shown in Figure 4 without and with kz acceleration 

(GRAPPA acceleration = 1.4X), respectively. Each panel in the figure shows 12 slices out of the full data 

set. Visually, the noise level on the T1 maps from the protocol with kz GRAPPA is slightly higher compared 

to the non-GRAPPA protocol. Despite the slightly different visual appearance, the results of the ROI 

analysis (Table 3) show that the T1 estimates between the two protocols were not statistically different 
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(p=0.820) and the interaction between the protocols and the gray/white matter ROIs was not significant 

(p=0.703). The GRAPPA protocol has the advantage of yielding a larger slab coverage (48 partitions/slab 

compared to 36 partitions/slab in the non-GRAPPA protocol). Thus, whole brain coverage was achieved 

with fewer number of slabs (5 versus 6), which contributed to reducing the total scan time from 5 minutes 

8 seconds to 4 minutes 21 seconds.  

Figure 5 shows T1 data from the in vivo prostate study from a healthy subject. Figures 5A and 5B show 

data for three slices obtained with the clinical VFA and SOS Look Locker. A MOLLI scan for the middle 

slice is presented in Figure 5C. Figure 5D shows the T1 distributions from the clinical VFA and SOS Look 

Locker and Figure 5E shows the distribution corresponding to MOLLI. The distributions are for the prostate 

including voxels from the peripheral and central zones. Note that the SOS Look Locker T1 estimates for the 

prostate are consistent with the MOLLI scan. The VFA T1 estimates are larger than the SOS Look Locker 

and MOLLI.  

T1 maps from a patient diagnosed with a cancerous lesion in the PZ of the prostate is presented in Figure 6. 

The lesion can be identified by the arrow in the post-contrast image, which is presented in the left of the 

figure. The center and the right panels of the figure show the T1 maps generated by the SOS Look Locker 

and clinical VFA techniques, respectively. Two ROIs, one on the lesion and the other on healthy PZ tissue 

(indicated by the solid and dashed arrows in the center image), were selected on the T1 maps from both 

techniques. The SOS Look Locker T1 values for lesion and normal PZ tissue were 1391±145 ms and 

1655±130 ms, respectively. The corresponding T1 values obtained from the clinical VFA data were 

1865±247 ms and 2262±317 ms. Thus, the clinical VFA technique overestimated the T1 values consistent 

with a previous report [17].  

The results of the intra-session repeatability and inter-session reproducibility experiments in vivo are shown 

in Figure 7. The linear regression analyses show excellent correlation for brain (intra-session: r2=0.9943, 

p<0.0001; inter-session: r2=0.9925, p<0.0001) and prostate (intra-session: r2=0.9363, p<0.0001; inter-

session: r2=0.902, p=0.0003). Generalized linear models showed that the T1 values for the two trials were 

not significantly different for brain (intra-session, p=0.834, inter-session, p=0.341) or prostate (intra-

session, p=0.7497, inter-session, p=0.406) and the interaction between the trials and the ROIs in the brain 

(intra-session, p=0.992, inter-session, p=0.913) and the prostate (intra-session, p=0.638, inter-session, 

p=0.615) were not significant. The Bland-Altman plots also indicate a high degree of agreement in the mean 

T1 values. The differences between the two measurements relative to their means for brain are within 4.5% 

(intra-session) and 6.1% (inter-session); the coefficient of variation (CV) is 0.18% (intra-session) and 

0.20% (inter-session). The differences between the two measurements relative to their means for prostate 
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are 4.9% (intra-session) and 4.2% (inter-session); the CV is 0.15% (intra-session) and 0.18% (inter-

session).  

4. Discussion 

In this study, a SOS Look Locker technique for efficient volumetric T1 mapping using data acquired with 

high spatial resolution was developed. T1 maps are reconstructed from highly undersampled data using a 

PC-based reconstruction approach. The method yields data with high temporal resolution (i.e. 25 sample 

points along the T1 recovery curve) for T1 fitting. Scanning efficiency for multi-slab acquisitions is 

increased by using a slab interleave scheme. When covering a large volume, the inter-leaved slab ordering 

scheme can be used to reduce or remove the time delay before the next inversion pulse, thus increasing the 

data acquisition efficiency.  

The proposed technique can be used to acquire a set of full brain T1 maps with high isotropic spatial 

resolution (e.g., 1 mm) and high temporal resolution (e.g., 25 TI points) for T1 fitting within 5 minutes. The 

technique is based on a Look Locker T1 mapping approach where slab profiles have been optimized to be 

B1 robust.  This is an improvement over current 3D VFA T1 mapping techniques for high isotropic 

resolution brain mapping which require longer acquisition times (~11 min) and the accuracy of T1 

estimation is dependent on estimating a B1 map [15]. When compared to Look Locker style 3D brain T1 

mapping, the proposed technique is more efficient than MP2RAGE which requires 8 minutes for full brain 

T1 mapping based on 2 TIs. The proposed SOS Look Locker is also more efficient than the 3D Look Locker 

technique from [18], allowing 4X the brain coverage (150-160 mm versus 40 mm) with significant time 

savings (~5 min vs 8 min). This is possible because our acquisition scheme was designed to eliminate the 

dead time between inversion pulses. Brain T1 estimates obtained with the SOS Look Locker technique fall 

within literature reported values [33,34,35,16]. For instance, the white and gray matter values reported in 

Table 3 (787±39 ms and 1379±61 ms, respectively) are comparable to reported MP2RAGE values (810 

±30 ms and 1350 ±50 ms [16]).  In prostate T1 mapping with the VFA technique, it was documented that 

this method overestimates high T1 values while underestimating low T1 values even after B1 correction [17]; 

the SOS Look Locker technique yielded values comparable to those found in the literature [5]. The SOS 

Look Locker proposed here is comparable in imaging time to a 3D magnetic fingerprinting (MRF) 

technique where mapping of the brain can be achieved in 5-6 minutes [36]. MRF of the prostate has only 

been demonstrated using a 2D technique [37]. The technique requires 39 sec per slice thus imaging times 

are longer (5-10 min, depending on the size of the prostate) compared to full prostate imaging with the 

proposed SOS Look Locker (2.7 min). MRF also requires a separate acquisition for B1 correction [38].  
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Quantitative MRI studies of tissues and diseases is a growing area of focus. The proposed efficient 3D T1 

mapping technique would enable new diagnostic means in the clinic. T1 mapping has already been used for 

the study of neurological disorders [1,2,3]. In those applications, a T1 mapping technique that can provide 

3D isotropic with high spatial resolution while also satisfying the clinical imaging time constraint is highly 

desired. T1 mapping is also used for quantitative DCE MRI and obtaining accurate pre-contrast T1 maps in 

an acceptable time has always been a challenge [5]. The proposed SOS Look Locker T1 mapping can satisfy 

these requirements.  

The TI grouping approach used in the proposed SOS Look Locker technique determines the slice coverage 

within a slab. The use of multiple slabs with restricted coverage combined with an interleaved slice-ordering 

scheme is designed to serve two purposes: (i) to reduce or remove the TD needed for T1 recovery of the 

spins within an inverted slab making the 3D T1 mapping technique more efficient and (ii) to achieve the 

desired anatomical coverage while ensuring T1 estimation accuracy (by keeping the TI temporal footprint 

<160 ms). Based on computer simulations and the acquisition parameters for the in vivo applications shown 

in this work, the expected error on the T1 estimates should be <5% for brain (TI temporal footprint=154.8 

ms or 158.4 ms) and <3% for prostate (TI temporal footprint=135.2 ms). For applications with shorter T1 

species (e.g. <500 ms), P should be reduced to maintain this low level of error.  

We have also demonstrated the proposed T1 mapping technique in combination with GRAPPA. Aside from 

accelerating data acquisition, GRAPPA also reduces the acquisition window for each TI group. This can be 

exploited to achieve higher spatial resolution in the z direction or a larger anatomical coverage for each slab 

while still having adequate temporal footprint for ensuring accurate T1 estimation. For a 3D acquisition, 

larger coverage also translates into higher SNR. This can help offset the reduced SNR due to the use of 

GRAPPA [39]. 

The use of a balanced steady-state free-precession (bSSFP) acquisition was proposed in the context of 2D 

T1 mapping to improve SNR [19]. The bSSFP readout was tested in the proposed 3D T1 mapping method 

however, the banding artifacts usually ended up corrupting the resulting T1 maps. This is consistent with 

earlier reports that banding artifacts are more difficult to control in a 3D than in a 2D bSSFP pulse sequence 

[40,41]. This limitation can be overcome by using an unbalanced SSFP readout, since it is less sensitive to 

B0 inhomogeneity, or to use a frequency modulated SSFP approach [42,43]. The unbalanced SSFP readout 

has a more complicated signal model, and the A, B and T1* model for T1 curve fitting can no longer be used 

to fit the data. A dictionary mapping technique can be used to overcome this problem. 

For the proposed T1 mapping application, the algorithm was implemented using OpenCL and C/C++ on a 

reconstruction server with 8 NVIDIA (Santa Clara, CA) P100 GPUs. The reconstruction of one T1 map is 
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around one minute when all eight GPUs are used. This is a long reconstruction time from a clinical 

standpoint, however, this could be the first step to bring this fast T1 mapping technique to actual clinical 

use.  

While the proposed SOS Look Locker T1 mapping technique is time efficient, a limitation of the technique 

is that data acquisition was not designed for applications where the scan time is limited to a breath hold. 

For applications in chest and abdomen, data will need to be acquired during free breathing using prospective 

gating [44] or retrospective respiratory frame binning based on a navigator signal [45,46] to reduce the 

effect of motion. Thus, for areas of the body affected by respiratory motion, the 2D T1 mapping techniques 

[11,12,19,47] or lower resolution 3D methods [14] proposed earlier may still be better options. Another 

limitation of the proposed approach is that the regularization parameters used in iterative reconstruction 

were empirically determined and fixed for each anatomy. To the best of our knowledge, optimal 

determination of these parameters is still an open problem and such optimal selection on a case by case 

basis may lead to further performance improvements of the technique.  

5. Conclusions 

A fast volumetric T1 mapping method using highly undersampled data acquired with a SOS Look Locker 

pulse sequence and an accompanying PC-based iterative reconstruction was proposed. This method can 

generate 3D T1 maps with high spatial and temporal resolution from data acquired in a clinically acceptable 

time. The technique was demonstrated in phantoms and in brain and prostate in vivo imaging. The technique 

should enable clinical as well as research studies where high-resolution and acquisition speed are desired. 
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Table 1. Comparison of T1 values (mean and standard deviation) from the proposed SOS Look Locker 

against the T1 values from a reference Cartesian inversion-recovery spin-echo pulse (IR-SE) sequence 

using the custom-made phantom. The table also compares the SOS Look Locker technique to one where 

data were acquired with a non-selective inversion RF pulse.  All experiments were carried on the same 

day as back-to-back experiments to reduce errors due to temperature fluctuations. The room temperature 

was 20oC. 

 

 

 

 

 

 

 

SOS Look Locker 
(selective IR) 

T
1
(ms) 

IR-SE 
T

1
(ms) 

Relative Error 
against IR-SE 

% 

SOS Look Locker 
(non-selective IR) 

T
1
(ms) 

Relative Error 
against SOS Look Locker 

(non-selective IR) 
% 

328±9 300 ±1 9 323±10 -2 

429±10 398 ±1 8 424±10 -1 

526±9 493 ±1 7 511±10 -3 

578±18 550 ±2 5 571±17 -1 

726±14 689 ±3 5 711±12 -2 

1011±25 920 ±5 10 1006±24 -1 

1165±17 1102±5 6 1149±21 -1 

1232±39 1183±4 4 1221±49 -1 

1517±14 1430±6 6 1493±11 -1 

1657±24 1578±11 5 1621±26 -2 

1931±56 1829±14 6 1903±66 -2 

2663±63 2718±44 -2 2640±77 -1 
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Table 2. Computer simulations of the effect of the number of partitions per slab (P) on T1 error. P and TR 

determine the temporal footprint (TF=PxTR) of the TI group. The temporal footprint and the length of the 

recovery curve determine the number of TI points (N) for T1 fitting. In the simulations, we used a TR= 

4ms and a recovery curve of ~ 4 sec. Thus, N varied from 100 (for TF=40 ms) to 25 (for TF=160 ms).  

Data were simulated by adding noise corresponding to 32dB and using 100 noise realizations.   

T1 (ms) P=10  P=15 P=20 P=25 P=30 P=35 P=40 
TF=40 ms TF=60 ms TF=80 ms TF=100 ms 

 

TF=120 ms TF=140 ms TF=160 ms 
2000 0.65% 0.80% 1.05% 1.30% 1.75% 2.25% 2.95% 
1500 0.80% 0.93% 1.27% 1.60% 1.93% 2.47% 3.33% 
1300 0.92% 1.08% 1.38% 1.77% 2.15% 2.77% 3.46% 
900 1.22% 1.44% 1.67% 2.11% 2.56% 3.33% 4.33% 
500 1.80% 2.00% 2.60% 3.20% 4.20% 5.20% 6.60% 
300 2.67% 3.33% 4.00% 5.33% 6.67% 8.67% 11.00% 
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Table 3. In vivo T1 estimates (mean and standard deviation) of ROIs selected in the white and gray matter 

of four healthy subjects. Data were acquired with the SOS Look Locker technique with and without kz 

GRAPPA. The ROIs are indicated in Figure S2 in Supplementary Material.  

  

Subject 
T1 Values (ms) 

White Matter Gray Matter 
ROI1 ROI2  ROI3 ROI4  ROI5 ROI6 

1 741±54 751±66 832±104 1425±79 1442±106 1311±122 
2 854±88 803±69 852±109 1317±96 1321±54 1359±92 
3 771±67 776±52 832±68 1337±60 1486±130 1426±116 
4 732±70 750±67 774±82 1339±120 1363±79 1360±84 

Subject 
T1 Values - GRAPPA (ms) 

White Matter Gray Matter 
ROI1 ROI2  ROI3 ROI4  ROI5 ROI6 

1 776±77 752±71 802±107 1385±55 1378±87 1315±135 
2 800±110 786.2±108.1 859±138 1308±155 1368±89 1448±18 
3 790±70 776±67 840±85 1388±134 1468±86 1432±120 
4 743±73 749±83 755±87 1440±113 1242±157 1437±149 
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Figures 

Figure 1. Data acquisition scheme for the SOS Look Locker T1 mapping sequence. (A) Data acquisition 

consists of a total of M measurements (denoted by MEAS in the figure). Each measurement starts with a 

slab selective inversion pulse followed by data collection and a time delay (TD) for T1 recovery. (B) Within 

each measurement, 3D k-space data are acquired and grouped in N TI groups. (C) For reconstruction, data 

from all measurements of the same TI group are put together to reconstruct the corresponding 3D TI 

volumes. (D) For simplicity of illustration, panels A-C show a single slab acquisition. The interleave 

scheme shown in D (for 5 slabs) allows the continuous acquisition of data eliminating the TD for T1 

recovery between measurements. 

Figure 2. Brain T1 maps generated with and without slab profile correction. The first row shows data 

acquired (for 5 slabs) without slab profile correction. In these images, dark lines are seen in the volumetric 

T1 maps at the edge of each slab. The second row shows data acquired with slab profile correction. In these 

the artifact is corrected.  

Figure 3. (A) T1 maps reconstructed with different number of measurements (M). Two ROIs are selected 

and displayed in (B) for visualization. When M=6, the resulting T1 map is blurred compared to the T1 map 

obtained from M=20. This is due to kx-ky undersampling of the resulting TI groups.  As M increases, 

undersampling is reduced and the T1 maps get sharper and closer to the one obtained from M=20. (C) 

Percent difference maps relative to M=20. 

Figure 4.  In vivo T1 maps from a healthy volunteer obtained with the proposed SOS Look Locker sequence 

(A) without and (B) with GRAPPA acceleration in kz. Data were acquired with 1.00 mm isotropic spatial 

resolution. Only 12 out of the total slices (156 slices without GRAPPA and 160 with GRAPPA) are shown. 

Figure 5. Comparison of prostate T1 maps generated from data acquired on a healthy subject with the 

clinical B1 corrected 3D VFA technique and the proposed SOS Look Locker technique. The spatial 

resolution for the VFA and SOS Look Locker techniques are 1.67×1.44×3.30 mm and 0.9×0.9×4.0 mm, 

respectively. The histograms at the bottom indicate the difference of T1 estimates from these two 

techniques. The histograms correspond to the T1 distribution of voxels within the central and peripheral 

zones of the prostate. A single slice MOLLI T1 map and corresponding histogram are also presented for 

comparison.  

Figure 5.  T1 maps generated from data acquired on a healthy subject with the (A) clinical B1 corrected 3D 

VFA technique and (B) the proposed SOS Look Locker technique. The spatial resolution for the VFA and 

SOS Look Locker techniques are 1.67×1.44×3.30 mm and 0.9×0.9×4.0 mm, respectively. (C) A single slice 
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MOLLI T1 map is also presented for comparison. (D) Histograms indicating the difference of T1 estimates 

between the clinical B1 corrected 3D VFA technique and the SOS Look Locker technique.  The histograms 

correspond to the T1 distribution of voxels within the central and peripheral zones of the prostate. Note that 

the clinical 3D VFA technique overestimates the T1 values whereas the SOS Look Locker T1 distribution 

is similar to the (E) single slice MOLLI technique.  

Figure 6. T1 maps from a patient with prostate cancer in the peripheral zone (PZ); the lesion can be 

identified on the post-contrast image (solid arrow). The lesion is seen in the SOS Look Locker T1 map as 

an area of lower T1 (1391±145 ms) compared to an area of normal PZ (1655±130 ms) as the one pointed 

out by the dotted arrow. The VFA T1 map is noisier and the T1 values within the lesion (1865±247 ms) and 

normal PZ (2262±317 ms) are higher compared to the SOS Look Locker technique.  

Figure 7. Correlation and Bland-Altman plots comparing T1 values from (A) intra-session brain, (B) inter-

session brain, (C) intra-session prostate, and (D) inter-session prostate. The intra- and inter-session studies 

were conducted on two different groups of 4 healthy volunteers. The ROI selection is provided on Figure 

S2 in the Supplementary Material. The linear regression for brain data indicated excellent correlation (intra-

session: r2=0.9943, p<0.0001; inter-session: r2=0.9925, p<0.0001).  The linear regression for prostate also 

show excellent correlation (intra-session: r2=0.9363, p<0.0001; inter-session: r2=0.902, p=0.0003).  The 

coefficients of variation (CV) for brain are 0.18% (intra-session) and 0.20% (inter-session). The CV for 

prostate are 0.15% (intra-session) and 0.18% (inter-session).  
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(A) Brain T1 intra-session repeatability (C) Prostate T1 intra-session repeatability

(B) Brain T1 inter-session reproducibility (D) Prostate T1 inter-session reproducibility

Figure 7



Figure S1. Bloch simulations showing the effect of flip angle on the signal amplitude for 
a RF-spoiled gradient echo pulse sequence for species with different T1 values. 



Figure S2. Example of ROI selection for in vivo brain (A) without and (B) with kz
acceleration (i.e. GRAPPA) and for (C) prostate data analyses. 
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